Isolated purified contractile tail sheaths of bacteriophage T2L were analyzed for their carboxyl terminal amino acids by carboxypeptidase treatment and hydrazinolysis. Glycine and serine were identified as the only two carboxyl end groups. Using corrections for the yields of these two amino acids upon hydrazinolysis, we calculated that there are 154 (i30) moles of C-terminal glycine and 130 (±45) moles of C-terminal serine per mole of sheath. It appears likely that sheaths contain two types of polypeptide chains in equal numbers, probably 144 of each. The relation of these two components to the mechanism of sheath contraction is discussed.
In 1959, Kozloff and Lute pointed out that the main tail component of bacteriophage T2L had contractile properties (13) . A number of properties of this viral component, in particular its dimensional changes during contraction, were investigated, and some similarities between this protein and other contractile systems were noted (9) . It was found that phage preparations contained significant amounts of nucleoside triphosphates, and the addition of adenosine triphosphate (ATP) was shown to have a relaxing effect upon contracted tail sheaths. Later in 1959, Brenner and his colleagues (7) investigated the structure of the T-even bacteriophages. They also noted that the major tail protein had contractile properties and named this substructure the contractile sheath. They reported a simple method for isolating contracted sheaths and obtained high-resolution electron micrographs of negatively stained sheath preparations which revealed considerable detail of sheath fine structure.
This structure has since been widely investigated by physical and biochemical techniques since its mechanism of conformational change might bear some relationship to similar conformational changes in other systems. One approach to this problem has been taken by workers who have relied extensively on the appearance in the electron microscope of negatively stained uncontracted and contracted sheaths, as well as "polysheaths" (2, 5, 12, 16, 17) . More (9, 13, 14, 19, 20) and Polglasov (18) . These later studies have described some chemical features of the composition of the isolated sheath and of its reaction with ATP. A critical point in understanding the conformational change of this structure involves knowing the number of components which make up the tail sheath structure. The isolated sheath has a particle weight of 8 X 106 daltons (19) and is composed of many protein subunits. The first electron micrographs suggested that there were 144 large subunits, arranged in 24 annuli of 6 subunits each in the uncontracted sheath and in 12 annuli of 12 subunits each in the contracted sheath (7) . It was also found that each sheath contained 144 histidine residues (19) . Various earlier workers tentatively assumed that there is only one kind of protein subunit making up the tail sheath; presumably, each subunit would represent 1/144 of the total mass and would have a molecular weight of 55,000 daltons (7, 19 desiccator over sulfuric acid, and then 0.1 ml of anhydrous hydrazine was added to the dried protein salt mixture. The final concentration of the hydrazine salt in the final suspension was 1 M. The ampoule was flushed with nitrogen, sealed under nitrogen, and then heated at 60 C for various periods of time; excess hydrazine was evaporated over sulfuric acid in a vacuum desiccator.
The residue was dissolved in 1 ml of water, 0.4 ml of benzaldehyde was added, and the mixture was neutralized and shaken for 2 hr in the cold. This treatment resulted in the precipitation of any traces of hydrazine remaining as the yellow benzalazine complex, while the amino acid hydrazides-benzaldehyde complexes formed a white precipitate. The complexes were sedimented at low speed, and the supematant fluid containing the free C-terminal amino acids was removed and analyzed in a Beckman amino acid analyzer.
Chemicals used were analytical grade obtained from commercial sources. Glycine and serine were released in the largest amounts followed by threonine, alanine, and aspartic acid. The glycine-to-serine ratio after incubation for 0.5 hr was almost 2:1, whereas VOL. 2, 1968 Hydrazinolysis. To determine the total amount of C-terminal amino acids, and thus the number of polypeptide chains per sheath without interference from amino acids further in the sequence, the hydrazine method introduced by Akabori et al. (1) as modified by Bradbury (3, 4) was used. There are numerous difficulties with this procedure for determining carboxyl terminal amino acids quantitatively. As Bradbury (3, 4) and later Braun and Schroeder (6) have pointed out, the kinetics of hydrazinolysis varies greatly with the nature of the specific peptide bond and the specific C-terminal amino acid. Whereas Cterminal glycine is usually released in excellent yields, serine peptides are much more resistant to hydrazinolysis. Braun and Schroeder (6) , using a slightly different modification of the original Akabori method, found that prolonged hydrazinolysis of the dipeptide glycyl serine yielded only 34 to 35% of the expected free serine. In our laboratory, hydrazinolysis of the model peptide alanyl serine, even after 24 hr at 60 C, yielded only 60% of the expected serine. In contrast, similar treatment of the model peptide leucyl glycine gave 94, of the expected glycine.
One further difficulty is that amino acid hydrazides tend to hydrolyze spontaneously and thus give high values for end groups. Apparently, this is especially true for glycine hydrazides and to a much lesser extent for the hydrazides of alanine, serine, and the other amino acids. The results obtained by Brown et al. (8) with the hydrazine method suggested that glycine might be C-terminal in 3-galactosidase, whereas carboxypeptidase B treatment clearly indicated that lysine was the C-terminal amino acid.
Although Bradbury (4) stated that his hydrazinolysis procedure rarely gives false positive C-terminal amino acids, the limitations of this method clearly bear on the interpretation of the hydrazinolysis experiments given in Table 2 . Although the hydrazine method does give somewhat erratic results, these analyses plus those from the carboxypeptidase experiments are enough to indicate the types of C-terminal amino acids and to give some indication of the number of each per sheath particle. In general, glycine and serine were the major amino acids released. In experiments Ia, Ic, and Ilc, these were the only free amino acids found. (In experiment Id, where high values were found for alanine, aspartic acid, and threonine, the sample was stored for a prolonged period which permitted considerable hydrolysis.) In spite of the limitations of each individual hydrazinolysis experiment, the kinetics of release of both glycine and serine given in Fig. 1 support the conclusion that there are at least two polypeptide chains in sheaths. Since both curves go through the origin, glycine and serine must be released simultaneously rather than sequentially. The difference in rate of release is most likely due to the slower hydrazinolysis of peptidic bonds containing serine.
Correction of experimental C-terminal glycine and serine values. End-group analysis can only give a minimal number of the types of polypeptide chains, but, with the assumption that there are only two types, an estimate can be made of the relative amount of each. Around 200 moles of glycine are fou*ld per mole of sheath. This value is probably too high based on the known lability of glycine hydrazides. Bradbury (4) Corrections also have to be considered for the C-terminal serine value, although in this case the C-terminal serine value is most likely too low. Hydrazinolysis of the model peptide alanyl-serine in this laboratory gave only 59% of the expected serine, which would mean a correction factor of 1.7. Braun and Schroeder's (6) studies on the model peptide glycyl-serine gave an even larger correction factor of about 2.9. The residue adjacent to the C-terminal serine in sheaths is unknown, and an average correction factor of about 2.3 i 0.4 seems reasonable. Further, this is close to the ratio of the relative rates of release of the two amino acids given in Fig. 1 . Since the average of the C-terminal serines found was 56 -±-10 (from experiments Ib, Ic, Id, and Illa), the corrected number of moles of C-terminal serine per mole of sheath would be about 130 (±i45).
Although the uncorrected data give a C-terminal glycine to serine ratio of between 3:1 and 2:1, the corrected values support the view that there are about the same number of C-terminal serine residues as there are C-terminal glycine residues. Further, in view of Moody's (16, 17) electron microscopic evidence for the presence of 144 visible "large" and "small" subunits, it seems quite likely that one of them has a C-terminal glycine and the other a C-terminal serine. This conclusion would be greatly strengthened by isolating these components, but all efforts to isolate any subunits from sheaths by centrifugation, electrophoresis, or chromatography, even in the presence of reagents such as 10 M urea, 2 M guanidine, and strong acids or bases, have been unsuccessful.
DIscussIoN
The normal extended tail sheaths of various T-even bacteriophages have their subunits arranged in 24 annuli; upon contraction, there are only 12 annuli (7). Moody (16, 17) and Krimm and Anderson (15) agree that the conformational change involves a merging of pairs of annuli, together with some "right handed" rotation of the sheath subunit components around the main axis of the sheath. These observations eliminate the possibility that all of the sheath components are arranged helically and that contraction in- (18) . This concept of merging of annuli involves a change in the geometry of the interaction of neighboring sheath. components and most likely a change in the conformation of the sheath components themselves. This last observation is derived from the change in optical rotatory dispersion discussed by Polglasov (18) .
The current finding that there are two kinds of polypeptide chains, possibly in equal numbers, in sheaths is not in conflict with these physical observations or with these models of the conformational changes. The presence of two types of polypeptide chains does point to the problem of the nature of the bonds between sheath components in one annuli and the bonds between annuli. It seems possible that one of the critical events during contraction is a change in the bonds between a "large" subunit in one annulus with a "small" subunit in an adjacent annulus. 
